During bacterial cell division, the essential protein FtsZ assembles in the middle of the cell to form the so-called Z-ring. FtsZ polymerizes into long filaments in the presence of GTP in vitro, and polymerization is regulated by several accessory proteins. FtsZ polymerization has been extensively studied in vitro using basic methods including light scattering, sedimentation, GTP hydrolysis assays and electron microscopy. Buffer conditions influence both the polymerization properties of FtsZ, and the ability of FtsZ to interact with regulatory proteins. Here, we describe protocols for FtsZ polymerization studies and validate conditions and controls using Escherichia coli and Bacillus subtilis FtsZ as model proteins. A low speed sedimentation assay is introduced that allows the study of the interaction of FtsZ with proteins that bundle or tubulate FtsZ polymers. An improved GTPase assay protocol is described that allows testing of GTP hydrolysis over time using various conditions in a 96-well plate setup, with standardized incubation times that abolish variation in color development in the phosphate detection reaction. The preparation of samples for light scattering studies and electron microscopy is described. Several buffers are used to establish suitable buffer pH and salt concentration for FtsZ polymerization studies. A high concentration of KCl is the best for most of the experiments. Our methods provide a starting point for the in vitro characterization of FtsZ, not only from E. coli and B. subtilis but from any other bacterium. As such, the methods can be used for studies of the interaction of FtsZ with regulatory proteins or the testing of antibacterial drugs which may affect FtsZ polymerization.
Introduction
The essential bacterial protein FtsZ is the best characterized protein of the bacterial cell division machinery. FtsZ is the prokaryotic homolog of tubulin and polymerizes in vitro in a GTP dependent manner. FtsZ is a very attractive target for new antibiotics due to its conserved nature and uniqueness to bacteria 1, 2 . At the beginning of cell division, FtsZ forms a cytokinetic ring at midcell, which serves as a scaffold for the assembly of other cell division proteins. Formation of the Z-ring is crucial for correct localization of the division plane. The assembly dynamics of FtsZ are regulated by several accessory proteins, such as (depending on the bacterial species) MinC, SepF, ZapA, UgtP, and EzrA 2 . FtsZ polymerization has been intensively studied in vitro and many different structures including straight protofilaments, curved protofilaments, sheets of filaments, bundles of filaments and tubes of filaments have been described depending on the assembly buffer, nucleotide, and additional proteins included in the assay 3 . The architecture of FtsZ protofilaments in vivo is not yet fully understood, although electron cryotomography experiments in Caulobacter crescentus suggest that the Z-ring is assembled from relatively short, noncontinuous single protofilaments without extensive bundling 4 .
In vitro, the polymerization properties of FtsZ and the interaction of FtsZ with regulatory proteins are sensitive to the composition of the reaction buffer. For example, we recently described the interaction site for SepF on the FtsZ C-terminus and showed that a FtsZ Bs ∆16 C-terminal truncate no longer binds to SepF 5 . In a previous study on the SepF-FtsZ Bs interaction, a similar FtsZ Bs ∆16 truncate still cosedimented with SepF, which suggested that SepF binds to a secondary site on FtsZ 6 . The difference between these studies was the composition of reaction buffers-at pH 7.5 there was no cosedimentation of SepF with the FtsZ truncate, whereas at pH 6.5 there was cosedimentation. Gündoğdu et al. noted that SepF is not functional and precipitates at pH 6.5 7 , showing that the observed cosedimentation at pH 6.5 is likely to be caused by precipitation of SepF rather than interaction with the FtsZ Bs ∆16 C-terminal truncate. The influence of pH and KCl concentration on the polymerization of FtsZ has been previously examined. Polymers of E. coli FtsZ (FtsZ Ec ) at pH 6.5 are longer and more abundant than those formed at neutral pH 8, 9 . A  B  C  D  E  F  G  H   1  III  III  I  I  IV  IV  II  II   2  III  III  I  I  IV  IV  II  II   3  III  III  I  I  IV  IV  II  II   4  III  III  I  I  IV  IV  II  II   5  III  III  I  I  IV  IV  II  II   6  III  III  I  I  IV  IV  II  II   7  III  III  I  I  IV  IV  II  II   8  III  III  I  I  IV  IV  II  II   9  PS  PS  PS  PS  PS  PS  PS  PS   10  PS  PS  PS  PS  PS  PS  PS  PS   11   12  GTP  GTP  GTP  GTP  GTP  GTP  GTP  GTP PS -phosphate standard 4. Place the qPCR plate in a PCR machine with the program set to 40 min cycle at 30 °C. 5. Prepare 20 µl aliquots of malachite green working reagent in a 96-well plate. Add 60 µl of the polymerization buffer from the experiment to lanes 1'-8'. The sample will be diluted 4x compared to the phosphate standard, please consider this fact during final calculations. III  III  I  I  IV  IV  II  II   2'  III  III  I  I  IV  IV  II  II   3'  III  III  I  I  IV  IV  II  II   4'  III  III  I  I  IV  IV  II  II   5'  III  III  I  I  IV  IV  II  II   6'  III  III  I  I  IV  IV  II  II   7'  III  III  I  I  IV  IV  II  II   8'  III  III  I  I  IV  IV  II 
Representative Results
Purification of FtsZ from different bacterial sources has been described in the literature and is summarized in Table 1 
Sedimentation of FtsZ polymers
Initially, we used two different velocities to spin down FtsZ polymers. We found that only at a velocity of 350,000 x g single polymers of FtsZ Ec are spun down (Figure 1 ) whereas at 190,000 x g only bundles of FtsZ Bs are present in the pellet fraction (data not shown). Therefore 350,000 x g was used in our further experiments. The percentage of polymerized FtsZ Ec and FtsZ Bs is similar at 50 mM KCl even though the light scattering experiments revealed a much higher scattering signal for FtsZ Bs . This is due to bundles formed by FtsZ Bs which scatter more light than single polymers of FtsZ Ec . It was not possible to obtain high amount of FtsZ polymers in the pellet fraction in the experiment with 300 mM KCl for both FtsZ Ec and FtsZ Bs (Figure 1) . We attribute this to a combination of quick disassembly of the FtsZ structures and decreased bundling of the filaments.
Sedimentation of FtsZ-SepF tubules
To analyze the interaction of FtsZ with certain activators sedimentation assays can be performed at lower centrifugation speeds. At this velocity only large structures of FtsZ may be pelleted, e.g. the large tubules formed by SepF rings and FtsZ Bs filaments 5 SepF and FtsZ is roughly 45% of total SepF and 15% of total FtsZ (compared to material sedimenting when GDP is added). This shows that the SepF-FtsZ tubules contain more SepF than FtsZ. This may be because many SepF rings organize the FtsZ-SepF tubules 5, 7 . The exact stoichiometry of SepF-FtsZ in these tubules is not known but our results suggest that there is more SepF present than FtsZ.
FtsZ Ec and FtsZ Bs polymerization and bundling properties
To characterize the polymerization efficiency of FtsZ Bs and FtsZ Ec in different buffers we analyzed both proteins by 90° angle light scattering. At 50 mM KCl, FtsZ Bs gives a 20-40-fold higher light scattering signal than FtsZ Ec depending on buffer pH (Figures 3A and B) confirming results of Buske et al. 26 Increasing the KCl concentration in the buffer did not significantly influence the light scattering signal of FtsZ Ec (Figure 3D ) but the signal of FtsZ Bs decreased ~80-fold at pH 7.5, ~30-fold at pH 6.8 and ~45-fold at pH 6.5 in 300 mM KCl ( Figure 3C ) compared to buffers with 50 mM KCl ( Figure 3A) . Disassembly of FtsZ polymers is faster at higher KCl concentration for both proteins (Figures 3C and D) . Studies of Pacheco-Gómez et al.
show that E. coli FtsZ polymerization and bundling is pH dependent. These authors found that in a buffer with 50 mM KCl the light scattering signal of FtsZ polymerization was higher, and disassembly of FtsZ took longer at pH 6.0 compared to pH 7.0 8 . These results are not in agreement with our data from polymerization of FtsZ Ec at 50 mM KCl (Figure 3B) , but it has to be noted that we have used three different buffers (HEPES, MES and PIPES) where Pacheco-Gómez et al. only used MES. Thus, not only the pH, but also buffer composition (ionic strength) affects the kinetics of FtsZ polymers at 50 mM KCl. However, at 300 mM KCl neither buffer composition nor pH influenced FtsZ Ec assembly in a detectable manner.
A light scattering experiment of FtsZ Bs in buffers without KCl was not possible due to precipitation of the protein under these conditions. When the concentration of FtsZ Bs was lowered to 3 µM, precipitation did not occur. However, 3 µM is not the physiological concentration of FtsZ in the cell. In plastic cuvettes, FtsZ Bs did not precipitate at 12 µM at pH 7.5, but at pH 6.8 and 6.5 FtsZ still precipitated in the absence of KCl.
Morphologies of FtsZ structures from E. coli and B. subtilis
The structures formed by FtsZ were inspected by TEM. FtsZ Bs assembled into closely compacted polymers that covered the whole grid in all buffers at low salt (Figures 4A-C) . FtsZ Ec formed long filaments, cables and bundles in all buffers at low salt (Figures 4D-F) . However, the observable amount of polymers formed by FtsZ Ec was lower than the amount formed by FtsZ Bs . In high salt buffers FtsZ Bs formed longer singlestranded protofilaments which did not associate into bundles (Figures 4G-I) . While FtsZ Bs protofilaments changed structure at higher salt concentration, FtsZ Ec formed structures indistinguishable from those of low salt buffer (Figures 4J-L) . There was no observable pH influence on polymerization of FtsZ Ec but FtsZ Bs forms more bundles at pH 6.5 which are visible as closely compacted polymers and sheets ( Figure 4B) . These results are in accord with our light scattering experiments and previously published TEM work 8, 11, 26 .
The GTPase activity of FtsZ at high and low KCl concentrations
The GTP hydrolysis activity of FtsZ was measured under different conditions using a colorimetric assay for free phosphate. As reported previously 15 the GTPase activity of FtsZ increased with increasing KCl concentration: depending on the buffer used FtsZ Bs . showed a 3-7 fold increase, and FtsZ Ec showed a 1.5-2.5 fold increase in GTPase activity at 300 mM KCl compared to 50 mM KCl. The reduced GTPase activity at 50 mM KCl is due to bundling of FtsZ Bs filaments. At 50 mM KCl FtsZ Ec had a 3-6 fold higher GTPase activity than FtsZ Bs due to quicker disassembly of the FtsZ Ec polymers. The difference in GTP hydrolysis activity between FtsZ Bs and FtsZ Ec was reduced at 300 mM KCl, possibly because of reduced bundling of FtsZ Bs filaments ( Figure 5 ). 
Discussion
We describe a set of methods that allows a quick analysis of FtsZ activity and its interaction with other proteins. Light scattering, sedimentation and GTPase assays as well as electron microscopy have been widely used to study FtsZ polymerization. We have made some improvements to existing protocols, we showed the influence of different conditions on FtsZ assembly, and we propose controls that should be included in FtsZ studies.
We introduce low speed centrifugation to distinguish large structures formed by the association between FtsZ and its interacting proteins from FtsZ polymers. This method shows two advantages over the standard sedimentation assay. First, no background is formed by the FtsZ polymers in the pellet fraction as they are not spun down at 24,600 x g. Second, the amount of FtsZ present in the structure formed with an interacting protein may be calculated from the gel. Two critical steps in this method are the incubation time and the GTP concentration. It is important to centrifuge the large protein structure when it is complete but before it disassembles when all GTP is hydrolyzed. The best control for this study is polymerization of FtsZ with GDP. There is one potential limitation of the assay. FtsZ forms a stable complex with SepF, which can easily be spun down at 24,600 x g. If the sedimentation with another activator or a drug that bundles FtsZ polymers is performed, it may be necessary to adapt the assay. It may be done by changing the incubation time, or increasing the speed of centrifugation.
Proper preparation of the sample is the most important for light scattering experiments. Proteins must be precleared by spinning and all the buffers should be filtered prior to use. If any aggregates are present in the sample, they will disrupt a stable signal obtained from FtsZ polymers. For the analysis of the FtsZ structures by electron microscopy, preparation of a grid is the main step. The time of sample incubation on the grid will have the effect of producing more or less compacted polymers. For bundles of FtsZ Bs , the time of incubation must be shorter than for FtsZ Ec and FtsZ Bs at high KCl concentration. We used a concentration of 12 µM for every sample to be able to compare the results. However, for FtsZ Bs at 50 mM KCl a lower FtsZ concentration should be used, as 12 µM resulted in a full saturation of the grid. This makes the polymers highly compacted and difficult to detect. Less compacted polymers are better to detect on EM.
The GTPase assay is the only experiment used to study the activity rather than the structures of FtsZ. Mg 2+ is necessary for GTP turnover in FtsZ polymers. Thus, in the absence of Mg
2+
, FtsZ does not hydrolyze GTP. Therefore, a sample with no Mg 2+ is the right control in this assay but cations of Mg are present in the FtsZ storage buffer. They may be removed by addition of 1 mM EDTA to the control sample. The critical step in this assay is the incubation time. It is important to stop FtsZ activity after a given time. This is achieved by transferring the FtsZ sample to a malachite green solution in a 96-well plate. However, development of the malachite green color is a continuous process. Thus the measurements must be taken at the same time for every sample. Using a well-planned GTP addition protocol with measurements taken each 30 sec apart in an established order, it is possible to obtain the same incubation and sample handling time for every time point. Another critical step is choosing the concentration of the protein for the experiment. In the experiment we used two different concentrations for FtsZ Ec and FtsZ Bs . GTP hydrolysis is much quicker for FtsZ Ec compared to FtsZ Bs . The GTPase activity of FtsZ Ec under chosen conditions and at 12 µM is linear only for maximum 5 min and after that time the hydrolysis rate plateaus. Thus, it is difficult to interpret data from the experiment when performed under these conditions. In this case FtsZEc must be used at lower concentration than FtsZ Bs to be able to compare activities of both proteins. The GTPase activity of FtsZs from different sources may vary. Thus, the right concentration must be chosen. The concentration for FtsZ polymerization should be well above the critical concentration (in general from 2.5-10 µM). The dynamics of FtsZ assembly and disassembly is also important. Some proteins show a significant lag in polymerization after addition of GTP, as shown for FtsZBs at 50 mM KCl. It is useful to perform the light scattering assay before the GTPase assay to approximate the time of assembly and disassembly of FtsZ polymers. After that, the time of incubation and concentration of protein may be chosen. Since the conditions chosen for FtsZ polymerization are crucial, it is important to use the right pH and KCl concentration in each method. In this work we studied 9 different buffers with pH ranging from 6.5-7.5 and KCl concentrations from 0 M to 300 mM. We noticed that the best condition to analyze FtsZs from B. subtilis and E.coli and their biological activity is at pH that is close to physiological level (7.5) together with a high KCl concentration. At a high KCl concentration, FtsZ has a higher GTPase activity and produces polymers that are better detectable by electron microscopy. We also confirmed that the physiological pH and a high KCl concentration are better for the study of the interaction between FtsZ and regulatory proteins than any other buffers mostly used to study FtsZ assembly. FtsZBs shows a similar activity to FtsZEc when studied at high KCl concentration. In addition, at low salt concentration the influence of pH is more visible than in the buffers with high salt concentration. FtsZ sometimes precipitates when using buffers without KCl, as a result, buffers without salt should be avoided. Sedimentation of FtsZ polymers is low when using buffers with high KCl concentrations. This may be an advantage when studying interactions between FtsZ and proteins that assemble FtsZ filaments such as SepF and ZapA as these higher order structures are easy to detect with centrifugation. In all our experiments we used MgCl 2 at a 10 mM concentration. It was shown that a relatively high Mg 2+ concentration stabilizes FtsZ polymers and reduces the GTPase activity of FtsZ. In Table 2 results from various studies are summarized describing FtsZ polymerization and GTPase activity at different Mg 2+ concentrations using otherwise identical buffer conditions 27 . The measured concentration of free cytoplasmic Mg 2+ is 0.9 mM 3 . It should be noticed that GTP will chelate an equivalent amount of Mg
. Thus, the optimal Mg 2+ concentration for GTPase experiments is around 2-2.5 mM, which is close to physiological level 3 . However, in our experiments we used MgCl 2 at a 10 mM concentration to obtain an easily detectable light scattering signal and to stabilize FtsZ polymers during the sedimentation assay.
Although we applied our protocols to FtsZ from the model organisms E. coli and B. subtilis, they can be adapted to FtsZ from any other organism. It has to be noted that the physiological pH, and concentrations of monovalent, and divalent cations differ among organisms. Thus, the optimal conditions for FtsZ polymerization may vary. Differences in doubling time and growth conditions of different bacteria may result in different assembly kinetics of FtsZ and optimal conditions of the experiments. However, our protocol provides a good starting point for the experiments with FtsZs from other organisms. The protocols should be useful for the study of FtsZ with regulatory proteins or the study of effects of small compounds and drugs on FtsZ. 
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